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BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates generally to lithography. More 

particularly, the present invention relates to wavefront aberration measurement 
for purposes of SLM calibration in maskless lithography. 

Related Art 

[0002] Lithography is a process used to create features on the surface of 

substrates. Such substrates can include those used in the manufacture of flat 
panel displays (e.g., liquid crystal displays), circuit boards, various integrated 
circuits, and the like. A frequently used substrate for such applications is a 
semiconductor wafer or glass substrate. While this description is written in 
terms of a semiconductor wafer for illustrative purposes, one skilled in the art 
would recognize that this description also applies to other types of substrates 
known to those skilled in the art. 

[0003] During lithography, a wafer, which is disposed on a wafer stage, is 

exposed to an image projected onto the surface of the wafer by exposure 
optics located within a lithography apparatus. While exposure optics are used 
in the case of photolithography, a different type of exposure apparatus can be 
used depending on the particular application. For example, x-ray, ion, 
electron, or photon lithography each can require a different exposure 
apparatus, as is known to those skilled in the art. The particular example of 
photolithography is discussed here for illustrative purposes only. 

[0004] The projected image produces changes in the characteristics of a layer, 

for example photoresist, deposited on the surface of the wafer. These changes 
correspond to the features projected onto the wafer during exposure. 
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Subsequent to exposure, the layer can be etched to produce a patterned layer. 
The pattern corresponds to those features projected onto the wafer during 
exposure. This patterned layer is then used to remove or further process 
exposed portions of underlying structural layers within the wafer, such as 
conductive, semiconductive, or insulative layers. This process is then 
repeated, together with other steps, until the desired features have been formed 
on the surface, or in various layers, of the wafer. 

[0005] Step-and-scan technology works in conjunction with a projection 

optics system that has a narrow imaging slot. Rather than expose the entire 
wafer at one time, individual fields are scanned onto the wafer one at a time. 
This is accomplished by moving the wafer and reticle simultaneously such that 
the imaging slot is moved across the field during the scan. The wafer stage 
must then be asynchronously stepped between field exposures to allow 
multiple copies of the reticle pattern to be exposed over the wafer surface. In 
this manner, the quality of the image projected onto the wafer is maximized. 

[0006] Conventional lithographic systems and methods form images on a 

semiconductor wafer. The system typically has a lithographic chamber that is 
designed to contain an apparatus that performs the process of image formation 
on the semiconductor wafer. The chamber can be designed to have different 
gas mixtures and grades of vacuum depending on the wavelength of light 
being used. A reticle is positioned inside the chamber. A beam of light is 
passed from an illumination source (located outside the system) through an 
optical system, an image outline on the reticle, and a second optical system 
before interacting with a semiconductor wafer. 

[0007] A plurality of reticles are required to fabricate a device on the 

substrate. These reticles are becoming increasingly costly and time 
consuming to manufacture due to the feature sizes and the exacting tolerances 
required for small feature sizes. Also, a reticle can only be used for a certain 
period of time before being worn out. Further costs are routinely incurred if a 
reticle is not within a certain tolerance or when the reticle is damaged. Thus, 
the manufacture of wafers using reticles is becoming increasingly, and 
possibly prohibitively expensive. 
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[0008] In order to overcome these drawbacks, maskless (e.g., direct write, 

digital, etc.) lithography systems have been developed. The maskless system 
replaces a reticle with a spatial light modulator (SLM) (e.g., a digital pixel 
device (DMD), a liquid crystal display (LCD), a grating light valve (GLV) or 
the like). The SLM includes an array of active areas (e.g., tilting and/or 
pistoning mirrors or greytoning LCD array cells) that vary optical properties in 
a controlled fashion to form a desired pattern. 

[0009] Conventional SLM-based writing systems (e.g., Micronic's Sigma 

7000 series tools) use one SLM as the pattern generator. To achieve linewidth 
and line placement specifications, gray scaling is used. For analog SLMs, 
gray scaling is achieved by controlling mirror tilt angle (e.g., Micronic SLM) 
or polarization angle (e.g., LCD). For digital SLMs (e.g., TI DMD), gray 
scaling is achieved by numerous passes or pulses, where for each pass or pulse 
the pixel (micromirror) can be switched either ON or OFF (for a binary SLM, 
or some in-between state for other SLMs) depending on the level of gray 
desired. Because of the total area on the substrate to be printed, the spacing 
between active areas, the timing of light pulses, and the movement of the 
substrate, several passes of the substrate are required to expose all desired 
areas. This results in low throughput (number of pixels packed into an 
individual optical field/number of repeat passes required over the substrate) 
and increased time to fabricate devices. Furthermore, using only one SLM 
requires more pulses of light or more exposure time to increase gray scale. 
This can lead to unacceptably low levels of throughput. 

[0010] Therefore, what is needed is a maskless lithography system and 

method that can expose all desired areas on a substrate for each pattern during 
only one pass of a substrate. 

SUMMARY OF THE INVENTION 

[0011] The present invention is directed to a system and method for 

calibrating a spatial light modulator array using shearing interferometry that 
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substantially obviates one or more of the problems and disadvantages of the 
related art. 

[0012] The present invention includes a system for calibrating a spatial light 

modulator array with an illumination system and a spatial light modulator 
array that reflects or transmits light from the illumination system. A 
projection optical system images the spatial light modulator array onto an 
image plane. A shearing interferometer creates an interference pattern in the 
image plane. A controller controls tilting, pistoning, and/or deformation of 
elements of the spatial light modulator array. The shearing interferometer 
includes an arrangement for generating shear, e.g., a diffraction grating, 
prisms, folding mirrors, etc. The shearing interferometer can be, for example, 
a stretching shearing interferometer, a lateral shearing interferometer, a radial 
shearing interferometer, or a rotational shearing interferometer. The shearing 
interferometer may, but not necessarily, include a diffraction grating with a 
pitch corresponding to a shear of the light by an integer number of elements. 
The projection optics resolves each element of the spatial light modulator 
array in the image plane. The controller, in one embodiment, modulates 
alternate columns of elements of the spatial light modulator array. 

[0013] Additional features and advantages of the invention will be set forth in 

the description that follows, and in part will be apparent from the description, 
or may be learned by practice of the invention. The advantages of the 
invention will be realized and attained by the structure and particularly pointed 
out in the written description and claims hereof as well as the appended 
drawings. 

[0014] It is to be understood that both the foregoing general description and 

the following detailed description are exemplary and explanatory and are 
intended to provide further explanation of the invention as claimed. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The accompanying drawings, which are incorporated in and constitute 

a part of this specification, illustrate embodiments of the invention and 
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together with the description serve to explain the principles of the invention. 
In the drawings: 

[0016] FIG. 1 shows a maskless lithography system having reflective spatial 

light modulators. 

[0017] FIG. 2 shows a maskless lithography system having transmissive 

spatial light modulators. 
[0018] FIG. 3 shows another illustration of a spatial light modulator 

according to an embodiment of the present invention. 
[0019] FIG. 4 shows more details of the spatial light modulator of FIG. 3. 

[0020] FIG. 5 shows a two-dimensional array of the spatial light modulator 

according to one embodiment of the present invention. 
[0021] FIG. 6 illustrates a portion of a reflective SLM of one embodiment of 

the present invention. 

[0022] FIG. 7 illustrates a field in a pupil of the projection optics for ten 

different tilt values, for a large numerical aperture projection optics. 
[0023] FIG. 8 illustrates a field in the projection optics image plane that 

corresponds to FIG. 7. 
[0024] FIG. 9 illustrates a field in a pupil of the projection optics for ten 

different tilt values for a small numerical aperture projection optics. 
[0025] FIG. 10 illustrates a field in the projection optics image plane that 

corresponds to FIG. 9. 
[0026] FIGS. 11-12 illustrate an example of a shearing interferometer 

arrangement that may be used in the present invention. 
[0027] FIG. 13 illustrates a grating that may be used in the shearing 

interferometer of FIGS. 11-12. 
[0028] FIG. 14 illustrates a field in a pupil of the projection optics for ten 

different tilt values in the system of the present invention. 
[0029] FIG. 15 illustrates a field in the projection optics image plane that 

corresponds to FIG. 14. 
[0030] FIG. 16 is an illustration of the image cross-section of one pixel in the 

image plane that corresponds to FIG. 15. 
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[0031] FIG. 17 illustrates a relative power in the image plane for the various 

tilt angles that corresponds to FIG. 15. 

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

[0032] While specific configurations and arrangements are discussed, it 

should be understood that this is done for illustrative purposes only. A person 
skilled in the pertinent art will recognize that other configurations and 
arrangements can be used without departing from the spirit and scope of the 
present invention. It will be apparent to a person skilled in the pertinent art 
that this invention can also be employed in a variety of other applications. 

[0033] FIG. 1 shows a maskless lithography system 100 according to an 

embodiment of the present invention. System 100 includes an illumination 
system 102 that transmits light to a reflective spatial light modulator (SLM) 
104 (e.g., a digital micromirror device (DMD), a reflective liquid crystal 
display (LCD), or the like) via a beam splitter 106 and SLM optics 108. SLM 
104 is used to pattern the light in place of a reticle in traditional lithography 
systems. Patterned light reflected from SLM 104 is passed through beam 
splitter 106 and projection optics (PO) 110 and written on an object 112 (e.g., 
a substrate, a semiconductor wafer, a glass substrate for a flat panel display, or 
the like). 

[0034] It is to be appreciated that illumination optics can be housed within 

illumination system 102, as is known in the relevant art. It is also to be 
appreciated that SLM optics 108 and projection optics 110 can include any 
combination of optical elements required to direct light onto desired areas of 
SLM 104 and/or object 112, as is known in the relevant art. 

[0035] In alternative embodiments, either one or both of illumination system 

102 and SLM 104 can be coupled to or have integral controllers 114 and 116, 
respectively. Controller 114 can be used to adjust illumination source 102 
based on feedback from system 100 or to perform calibration. Controller 116 
can also be used for adjustment and/or calibration. Alternatively, controller 
116 can be used for controlling active devices (e.g., pixels, mirrors, locations, 
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etc.) 302 (see FIG. 3, discussed below) on SLM 104, to generate a pattern 
used to expose object 112. Controller 116 can either have integral storage or 
be coupled to a storage element (not shown) with predetermined information 
and/or algorithms used to generate the pattern or patterns. 

[0036] FIG. 2 shows a maskless lithography system 200 according to a further 

embodiment of the present invention. System 200 includes an illumination 
source 202 that transmits light through a SLM 204 (e.g., a transmissive LCD, 
or the like) to pattern the light. The patterned light is transmitted through 
projection optics 210 to write the pattern on a surface of an object 212. In this 
embodiment, SLM 204 is a transmissive SLM, such as a liquid crystal display, 
or the like. Similar to above, either one or both of illumination source 202 and 
SLM 204 can be coupled to or integral with controllers 214 and 216, 
respectively. Controllers 214 and 216 can perform similar functions as 
controller 114 and 116 described above, and as known in the art. 

[0037] Example SLMs that can be used in systems 100 or 200 are 

manufactured by Micronic Laser Systems AB of Sweden and Fraunhofer 
Institute for Circuits and Systems of Germany. A grating light valve (GLV) 
SLM is another example of an SLM where the present invention is applicable. 

[0038] Merely for convenience, reference will be made only to system 100 

below. However, all concepts discussed below can also apply to system 200, 
as would be known to someone skilled in the relevant arts. 

[0039] FIG. 3 shows details of an active area 300 of SLM 104. Active area 

300 includes an array of active devices 302 (represented by dotted patterns in 
the figure). Active devices 302 can be mirrors on a DMD or locations on a 
LCD. It is to be appreciated that active devices 302 can also be referred to as 
pixels, as is known in the relevant art. By adjusting the physical 
characteristics of active devices 302, they can be seen as being either ON or 
OFF (for a binary SLM) or a state in-between ON and OFF for other SLMs. 
Digital or analog input signals based on a desired pattern are used to control 
various active devices 302. In some embodiments, an actual pattern being 
written to object 112 can be detected and a determination can be made 
whether the pattern is outside an acceptable tolerance. If so, controller 116 
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can be used to generate analog or digital control signals in real time to fine- 
tune (e.g., calibrate, adjust, etc.) the pattern being generated by SLM 104. 

[0040] FIG. 4 shows further details of SLM 104. SLM 104 can include an 

inactive packaging 400 surrounding active area 300. Also, in alternative 
embodiments, a main controller 402 can be coupled to each SLM controller 
116 to monitor and control an array of SLMs, as discussed below. Also 
discussed below, adjacent SLMs may be offset or staggered with respect to 
each other in other embodiments. 

[0041] FIG. 5 shows an assembly 500 including a support device 502 that 

receives an array of SLMs 104. In various embodiments, as described in more 
detail below, the array of SLMs 104 can have varying numbers of columns, 
rows, SLMs per column, SLMs per row, etc., based on a number of desired 
exposures per pulse, or other criteria of a user. The SLMs 104 can be coupled 
to a support device 502. Support device 502 can have thermal control areas 
504 (e.g., water or air channels, etc.), areas for control logic and related 
circuitry (e.g., see FIG. 4 showing elements 116 and element 402, which can 
be ASICs, A/D converters, D/A converters, fiber optics for streaming data, 
etc.), and windows 506 (formed within the dashed shapes) that receive SLMs 
104, as is known in the relevant art. Support device 502, SLMs 104, and all 
peripheral cooling or control devices are referred to as an assembly. 
Assembly 500 can allow for a desired step size to produce the desired stitching 
(e.g., connecting of adjacent elements of features on object 112) and overlap 
for leading and trailing SLMs 104. By way of example, support device 502 
can have dimensions of 250 mm x 250 mm (12 in x 12 in) or 300 mm x 300 
mm (10 in x 10 in). Support device 502 can be used for thermal management 
based on being manufactured from a temperature stable material. 

[0042] Support device 502 can be utilized as a mechanical backbone to ensure 

spacing control of SLMs 104 and for embedding the circuitry and the thermal 
controls areas 504. Any electronics can be mounted on either or both of a 
backside and front side of support device 502. For example, when using 
analog based SLMs or electronics, wires can be coupled from control or 
coupling systems 504 to active areas 300. Based on being mounted on support 
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device 502, these wires can be relatively shorter, which reduces attenuation of 
analog signals compared to a case where the circuitry is remote from the 
support device 502. Also, having short links between the circuitry and active 
areas 300 can increase communication speed, and thus increase pattern 
readjustment speed in real time. 

[0043] In some embodiments, when SLM 104 or electrical devices in the 

circuitry wear out, assembly 500 can easily be replaced. Although it would 
appear replacing assembly 500 is more costly than just a chip on assembly 
500, it is in fact easier and quicker to replace the entire assembly 500, which 
can save production costs. Also, assembly 500 can be refurbished, allowing 
for a reduction in replacement parts if end users are willing to use refurbished 
assemblies 500. Once assembly 500 is replaced, only verification of the 
overall alignment is needed before resuming fabrication. In some examples, 
kinematic mounting techniques can be used to allow for repeatable mechanical 
alignments of assembly 500 during field replacements. This may eliminate a 
need for any optical adjustment of assembly 500. 

[0044] Current SLM systems typically utilize 16 |um x 16 |nm pixels 302 (see 

FIG. 6), with next generation SLM systems moving to 8 x 8 jam pixels 302. A 
typical SLM 104 contains millions of pixels 302, wherein the properties of 
each pixel 302 are individually controlled by a voltage applied individually to 
each pixel 302. Note that SLM 104 can be both reflective and transmissive 
(for example, mirror type reflective SLMs, and LCD type transmissive SLMs). 
Reflective SLMs 104 are more commonly used in the industry today. FIG. 6 
is an illustration of such a reflective, or tilting, type SLM 104, showing twelve 
pixels (of which 302a-302d are labeled). (Note that the invention is not 
limited to the pistoning type SLMs, but is also applicable to tilting SLMs as 
well as SLMs with otherwise deformable mirrors.) A capacitive coupling (not 
shown) is controlled using a transistor (not shown). A typical pixel 302 is 
controlled in a fashion similar to how parallel plates in a capacitor are 
controlled, in other words, a capacitive coupling is used to control the tilt of 
the mirrors of the pixels 302 using electrostatic forces. In FIG. 6, one of the 
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mirrors (mirror of pixel 302d), is shown as tilted when the capacitor under that 
mirror is charged. 



calibration of the individual elements or pixels 302. In the case of a piston 
type, or tilting mirror type, SLMs, the exact dependence of each mirror of each 
pixel 302 on the applied voltage may vary. Additionally, the mirrors are not 
entirely "solid" objects, and deform somewhat (in addition to tilt) when a 
voltage is applied. Furthermore, there are gaps between adjacent pixels 302, 
which degrade the optical performance due to additional reflections from "in 
between" the pixels 302. 

[0046] Although the principal effect of changing the voltage applied to the 

pixel 302 is in the tilting affect, the deformation of the mirror of the pixel 302 
is a secondary effect, but may be a substantial enough effect so as to affect the 
quality of the image. Thus, the problem stated in its most general form is one 
of determining the dependence of the orientation and shape of the mirror on 
the applied voltage, for each mirror in the SLM 104. 

[0047] Each mirror changes the shape of its reflecting surface depending on 

the voltage (Vj) applied to its pixel 302: 



[0045] 



A particular problem that exists with the use of SLMs 104 is one of 



Sj(x 9 y 9 Vj) 



^{x-Xj.y-yj.VJ + SWix-Xj.y-yj.Vj) 

V „ ' v ^ ' 



principal dependence, individual variations of 
same for all mirror pixels the pixels' properties 




[0048] 



Diffraction field from a single mirror in the PO 110 entrance pupil is 



given by: 



Uj (fx >f y >Vj) = FT(exp(* • In • Sj (x, y, Vj ) / A.)) 

= U i°) (fx +Tj(Vj)/Aify) + {L t fy t v. ) 



principal mechanical effect, residual shape variations 
the tilt, results in a shift of the result in a deformation of 
field pattern in the pupil the diffraction pattern 
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where (// + fy) U2 < (1 + a) - NAI X, and a corresponds to typical PO 

110 illumination. Note that for purposes of calibration, the PO 110 used 
normally in the tool may be replaced (or augmented with) auxiliary calibration 
optics. The auxiliary calibration optics in the ML Tool are typically needed to 
resolve pixels 302, since the regular projection optics of the tool usually 
cannot resolve pixels 302, and because a shearing interferometer might need 
more space than is available otherwise. 

[0049] Only the variation of the diffraction field within the PO 110 entrance 

pupil is of significant importance. Thus, high-frequency variations of the 
reflective surface shape of the mirror are less important than the principal 
effect (the mirror tilt). In practical terms, the mirrors are operated not as 
"analog" devices, but more akin to digital devices, with, for example, each 
mirror oriented in one of 64 possible orientations. For a 1,000 x 1,000 mirror 
SLM 104, this results in needing to know the dependence of the SLM 104 on 
64,000,000 voltages. An alternative way to formulate this problem is to 
require that the angular orientation of each mirror for some specific voltage is 
the same for all mirrors in the SLM 104. However, this may require applying 
different voltages to different pixels 302, because different pixels 302 may 
have a different response to the same voltage, due to a variation in the 
mechanical properties from one mirror to another. 

[0050] Thus, knowledge of the shape assumed by each mirror in the SLM 104 

in response to the voltages applied can be used for calibration of each mirror 
to result in the same tilt response for each pixel 302 in the SLM 104. 

[0051] Also, the process of calibration can identify any pixels 302 that are 

broken and/or not functioning properly. Furthermore, even when no voltage is 
applied to any of the pixels 302, the surface of the SLM 104 is not a perfectly 
flat mirror, but rather has height variations across the surface, which also 
potentially degrade image quality. This is primarily due to the imperfections 
in the pixels and deficiencies in the manufacturing process. This is another 
issue that should be addressed by the calibration process. 
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[0052] For all current practical purposes, it is therefore sufficient to solve the 

following problem: 

[0053] For each pixel 302, that is pixelj, where j=l , . . . , N, determine the set of 

voltage levels, V/ n) , where n=l N, such that any two different pixels jl 
and j2 with the voltages of the same levels Vji (n) and V j2 (n) applied to them will 
produce (almost) the same image fields. 

[0054] A more general problem, the solution of which would fully describe 

the imaging properties of the SLM 104, is as follows: for each pixel 302, find 
the dependence of its image field on voltage (within a certain range of voltage 
variation), applied to this pixel. 

[0055] The shape of each mirror is measured by analyzing the image created 

by that mirror in the image plane. Another way to view the calibration 
problem is as follows: if there are (e.g.) 64 voltages, such that each voltage 
corresponds to a certain mirror position, we need to determine the 64 voltages 
for each mirror such that all the mirrors have the identical position (or 
orientation) for each voltage. In order to accomplish this goal, that is, in order 
to orient the mirrors in the same direction (at some voltage), it is necessary to 
know the characteristics of the mirrors, such as mirror response to the voltages 
and the deformation of each individual mirror at the particular voltages. 

[0056] It is possible, in theory, to turn off all the pixels 302 except for the one 

pixel 302 being calibrated, and by measuring the image of that one pixel 302 
in the image plane at various voltages, calibrate that pixel 302 very precisely. 
However, given the fact that the pixels 302 number in the millions, doing this 
process pixel-by-pixel can be time consuming or even impractical. A 
somewhat intermediate approach would be to calibrate several pixels 302 at a 
time, where the pixels 302 being calibrated are separated far enough from each 
other such that they do not interfere with each other in the image plane. 
However, this process can still be fairly time-consuming. 

[0057] The second problem of calibration is particularly relevant to reflective 

tilting micromirror type SLMs, and has to do with how the pixels 302 are 
imaged. It is important that the pixels 302 be imaged in such a way that they 
are not resolved by the projection optics 110. In order to modulate the light, 
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the pixel 302 should not be resolved. If all the light from the tilting pixel 302d 
is captured by the projection optics 110, the pixel 302d will not modulate. If 
the pixel 302 is a square, its diffraction pattern is a sine function, with a large 
zeroth order lobe, and smaller side lobes. When a pixel 302 is tilted, the 
diffraction pattern from the pixel 302 shifts an angular space to the side. With 
a large enough entrance pupil of the projection optics 110, many side lobes 
from the diffraction pattern will be captured (if the pixel 302d is tilted at a 
relatively small angle only). Thus, in this case, the amount of light captured 
by the projection optics 110 does not vary, and the pixel 302 will not 
modulate. For practical purposes, the pixel 302 has to be imaged in such a 
way that it is not resolved. 

[0058] On the other hand if the projection optics 110 only captures a portion 

of the zeroth order lobe, for example, 1/2 or 1/3 of the total amount of energy 
in the zeroth order lobe, then tilting the pixel 302d modulates the amount of 
light passing through the projection optics 110. Thus, it is essential for the 
modulation mechanism that the pixel 302d not be resolved, in order to have a 
modulation effect. However, because the pixel 302d is not resolved, instead 
of seeing a "sharp square" (for a square pixel or mirror), a "blob" of light will 
be imaged, and will exceed the nominal dimensions of the "sharp square" by 
several times. Thus, images from neighboring pixels 302 will overlap. The 
neighboring pixels 302 therefore will strongly interact with each other. This 
creates a problem with modulation, because at each point in the image plane, 
light is received from several pixels 302. 

[0059] These two considerations make the problem of calibration difficult - 

resolving the pixel 302 into a "sharp square" means that there is no effective 
modulation, and effective modulation means that the pixel 302 cannot be 
resolved. Phrased another way, either one has a resolution that one desires, or 
sensitivity to a shape of the pixel, but not both. 

[0060] For the example illustrated in FIGS. 6-8, X = 193.375 nm, L (pixel 

dimension) = 16 :m, NA (calibration PO) =10*A,/L = 0.12 (i.e., the 
calibration PO 110 captures up to the 10th diffraction order, which means it 
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resolves the pixel 302 well), pixel 302 tilts between V = 0 and V = V 0 = X I (2 
L) - the range of tilts to calibrate. FIG. 7 illustrates the field in the pupil of the 
projection optics 110 for ten different tilt values for a single pixel (note that 
with this and subsequent related figures, modulation of only one pixel is 
illustrated for clarity, although the invention permits measurement of multiple 
pixels simultaneously). With a numerical aperture of 0.12 (a fairly large 
numerical aperture), the pixel 302 is well defined in the PO pupil field for all 
the tilt angles illustrated. However, as shown in FIG. 8, in the PO image 
plane, there is virtually no modulation of intensity for the entire angular range. 
In other words, with so many diffraction orders captured by the large 
numerical aperture projection optics 110, modulation is not achieved, even 
though the pixel 302 is well resolved in the PO image plane. 
[0061] FIG. 9 illustrates the "opposite case" of using a very small numerical 

aperture, in this case a numerical aperture of 0.00265. Here, the field is 
resolved in the pupil plane (see FIG. 9) but is very poorly resolved in the 
image plane (see FIG. 10) for ten different tilt angles. Specifically, as shown 
in FIG. 10, although there is good modulation for the different tilt angles, the 
image of the pixel 302 is very "spread out," which means that adjacent pixels 
302 would interfere with each other if imaged simultaneously, and that 
measuring the distortion and shape of the reflections across each pixel 302 
would be difficult. 

[0062] The solution to this problem is the utilization of planar interferometry. 

If the SLM 104 is visualized as a perfect mirror, and a planar wave is directed 
at the SLM 104, the reflected wave should also be planar. If one or more of 
the mirrors is tilted, or pistoned, the reflected wave will be formed 
accordingly. In other words, a mirror adjustment corresponds to having an 
aberration in the reflected planar wavefront. Thus, conceptually, modulation 
of the SLM 104 can be viewed as the introduction of an aberration into the 
wavefront. Measuring the modulation effect of the SLM 104 can be viewed as 
the measurement of wavefront aberration using interferometry. In this case, 
unlike traditional wavefront aberration measurements, the spatial frequency is 
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comparable to the dimension of the mirror, i.e., the dimension of the pixels 
302. 

[0063] A simple type of an interferometer that can be used to measure 

wavefront aberrations is a Michelson interferometer, where a wavefront is 
separated (for example, using a beam splitter), then one half of the wavefront 
passes through a medium that introduces aberrations, and is then combined 
with the unaberrated half of the wavefront. Thus, phase distortion becomes 
apparent in terms of intensity variation in the image plane. A Michelson 
interferometer, which uses interference between a reference wavefront and a 
reflected wavefront (from the SLM 104) can, in principle, be used to calibrate 
the SLM 104. Using the Michelson interferometer approach, it is possible to 
determine the deviation from perfect flatness (planarity) of the SLM 104 by 
combining a reference wavefront with a wavefront reflected off the SLM 104 
when no voltage is applied. After determining the deviation from perfect 
planarity of the SLM 104, the rest of the measurements can be performed by 
combining wavefronts obtained with tilted mirrors with a reference wavefront. 

[0064] The use of a Michelson interferometer is not without its difficulties. It 

requires additional optical elements, such as beam splitters, etc. It also 
requires addressing the issue of temporal coherence in the incoming 
wavefront. The advantage of shearing interferometry is that instead of 
interfering a referenced wavefront with the reflected wavefront, which 
requires the addition of optical elements, in the shearing interferometry 
approach, the wavefront interferes with a sheared copy of itself. 

[0065] A shearing interferometer can use a grating to shift the wavefront 

laterally. Other arrangements are possible, for example, rotation of the 
wavefront, radial displacement of the wavefront, stretching of the wavefront, 
"flipping" of the wavefront, etc. By interfering the sheared wavefront with the 
original wavefront, it is possible to produce interference fringes in the image 
plane, which enable one to determine aberrations in the wavefront, and in turn 
enable one to determine the dependence of the mirror tilt on the applied 
voltage. The simplest arrangement is the use of a shearing grating placed in 
the pupil of the projection optics 110. This produces two wavefronts, which 
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are laterally shifted with respect to each other. Thus, even if the pixels 302 are 
resolved in the image plane, it is possible to measure the dependence of the tilt 
of each mirror on the applied voltage. 

[0066] FIGs. 11 and 12 illustrate the use of a pupil in a lateral shearing 

interferometer 1110 to produce reference wavefronts and shear wavefronts. 
As shown in FIGs. 11 and 12, a wavefront 1101 converges at a point in space, 
while emanating from a primary source. An image of a point source exists at 
an entrance pupil. A partially transmitting film may be placed at the entrance 
pupil. A pinhole 1103 is positioned at the entrance pupil. The pinhole 1103 
generates a transmitted wave 1104 with a wavefront 1111, which includes a 
diffracted spherical reference wave 1105. Thus, the lateral shearing 
interferometer 1110 creates one or more apparent sources, whose wavefronts 
1111 interfere to produce fringes. 

[0067] An image shearing mechanism 1201 (see, for example, the grating 

illustrated in FIG. 13) is positioned within the shearing interferometer 1110, 
and generates the multiple wavefronts 1104, 1105 that are then detected by a 
CCD detector in the image plane (not shown). The image shearing 
mechanism 1201 may be a diffraction grating, a prism, a folding mirror, or any 
other device used for generating shear. Note that for SLM calibration, it is 
necessary to measure the aberrations occurring in the object plane of the PO 
110. Therefore, the shearing grating should be placed in the pupil of the PO 
110 and the interfere grams will be observed in the image plane. 

[0068] As explained above, the modulated SLM 104 results in an introduction 

of a certain wavefront aberration that depends on the modulated states of its 
pixels 302. In order to calibrate the SLM 104, the actual modulated states of 
each pixel 302 resulting from a certain driving voltages applied to them, need 
to be determined. The shearing interferograms measured in the image plane 
can be interpreted, using any number of known methods, to derive the 
wavefront aberration from the measured shearing interferograms. The result of 
this interpretation will yield the actual modulated state of each pixel 302. 

[0069] Phase stepping technique used in lateral shearing interferometry can be 

used to improve the accuracy and to separate the interference from higher 
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diffraction orders (if a shearing grating in the pupil is used to provide a shear). 
Phase stepping can be implemented by either shifting the pupil apodization 
grating in small steps within one grating period, or by shifting the object (SLM 
array 104), or by tilting the illumination. 
[0070] A partially coherent illumination of the calibrated SLM 104 may be 

needed to reduce the effect of the flare in the PO 110 or a speckle, observed 
with coherent illumination. If a shearing grating in the pupil of the PO 110 is 
used to provide shear, a partially coherent illumination source will reduce the 
contrast of the interferogram. This can be countered by providing partially 
coherent illumination from an extended source that is modulated by a grating 
with a period that matches the period of the shearing grating in the pupil 
(similar to the use of matching pair of Ronchi gratings in lateral shearing 
interferometry). 

[0071] One embodiment of the present invention can use an arrangement 

where all pixels 302 of the SLM 104 are calibrated simultaneously, or where 
only even columns of pixels 302 are tilted, while odd columns are not (or, 
equivalently, odd and even rows). In the image plane, modulated pixels 302 
will overlap with the unmodulated ones. The images in the image plane 
therefore are the result of an interference between a modulated pixel 302 and a 
neighboring unmodulated one. This is somewhat analogous to the Michelson 
interferometer arrangement, where an aberrated wavefront interferes with a 
planar wavefront (in this case, coming from the untilted mirror). This permits 
a determination of the shape of the modulated pixel 302d for each voltage, 
which corresponds to a particular tilt angle and mirror shape. In other words, 
the shear is effected by an integer number of pixels 302. 

[0072] Another embodiment utilizes shearing by a fraction of a pixel 302 

(e.g., l A, or 1/3), such that each pixel 302 interferes primarily with itself (the 
amount of the shear depends on the pitch of the grating 1201 of FIG. 13). 

[0073] The advantage of the approach described above is in enabling 

simultaneous measurement of a very large number of pixels 302 (potentially 
all of the pixels 302 of the SLM 104). Also, the above approach solves the 
problem of being unable to resolve the pixels 302 sufficiently in the image 
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plane. The variation of intensity within each "square" corresponds to the 
shape of each pixel 302. 

[0074] Because the pixels 302 are resolved, there is no need to iterate or use a 

large number of non-interfering groups of pixels 302. Also, each pixel 302 is 
calibrated individually, without basing a calibration procedure on a specific 
pattern. The SLM however needs to be imaged in a way that is different from 
the way it is imaged in the tool. This can be achieved by introducing a special 
calibration PO section between the SLM and the tool PO 110 (during the 
calibration procedure only). 

[0075] Because the pixels 302 are resolved during the calibration, their images 

depend on the shape and magnitude of the higher diffraction orders. A special 
consideration needs to be given to account for the dependence of the measured 
resolved image on the higher diffraction orders (which are not captured by the 
tool PO). 

[0076] The effect of adding the shearing interferometer 1110 with the grating 

1201 that shears the beam laterally by 1/4 of the pixel 302 width, is illustrated 
in FIGs. 14 and 15. FIG. 14 illustrates the field in the pupil plane for ten 
different tilt values. Note that some of the images are "partial," due to the one- 
quarter pitch diffraction grading, as noted above. In the image plane, as 
illustrated in FIG. 15, the pixel 302 is well resolved (a square or rectangular 
shape is clearly visible), and at the same time there is good modulation for the 
different tilt angles, notwithstanding the relatively small numerical aperture. 
In other words, the use of a shearing interferometer permits the achievement 
of both goals: good resolution in the image plane, combined with good 
modulation in the angular space. 

[0077] FIG. 16 is an illustration of the intensity cross-section of one pixel 302 

in the image plane for the different tilt angles of the mirror. The graphs are 
inverted relative to the legend on the left-hand side of the figure; in other 
words, the 0.0 tilt is at the bottom, and the 1.0 relative tilt is at the top. 
FIG. 17 illustrates the relative power in the image plane for the various tilt 
angles. Graph A illustrates the total power received within a specified area 
defined by pixel 302 dimensions in the image plane, and graph B specifies the 
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power outside that area. Graph C is the sum of graphs A and B. In the ideal 
case, graph B would be nearly perfectly flat and relatively low in magnitude, 
which is achieved here. 
[0078] Although the discussion above is primarily in terms of calibrating a 

tilting micromirrors-based SLM, the invention is also applicable to other types 
of SLMs, such as SLMs utilizing pistoning or otherwise deformable 
micromirrors, or SLMs utilizing transmissive (refractive) pixels based on other 
modulation principles. 

Conclusion 

[0079] While various embodiments of the present invention have been 

described above, it should be understood that they have been presented by way 
of example only, and not limitation. It will be apparent to persons skilled in 
the relevant art that various changes in form and detail can be made therein 
without departing from the spirit and scope of the invention. Thus, the breadth 
and scope of the present invention should not be limited by any of the above- 
described exemplary embodiments, but should be defined only in accordance 
with the following claims and their equivalents. 
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